Introduction
In response to the widespread damage in connections of steel moment-resisting frames that occurred during the 1994 Northridge and the 1995 Kobe earthquakes, a number of improved beam-to-column connection design strategies have been proposed. Of a variety of new designs, the reduced beam section (RBS) connection has been shown to exhibit satisfactory levels of ductility in numerous tests and has found broad acceptance in a relatively short time. However, there still remain several design issues that should be further examined. ABSTRACT >> The reduced beam section (RBS) steel moment connection has performed well in past numerous tests. However there still remain several design issues that should be further examined. One such issue on RBS connection performance is the panel zone strength. Although a significant amount of test data are available, a specific recommendation for a desirable range of panel zone strength versus beam strength has yet to be proposed. In this paper, the effects of panel zone strength on the cyclic performance of RBS connection are investigated based on the available test database from comprehensive independent testing programs. A criterion for a balanced panel zone strength that assures sufficient plastic rotation capacity while reducing the amount of beam buckling is proposed. Numerical studies to supplement the test results are then presented based on the validated finite element analysis. Satisfactory numerical simulation achieved in this study also indicates that numerical analysis based on quality finite element modeling can supplement or replace, at least in part, the costly full-scale cyclic testing of steel moment connections. 
The experimental observations from the testing program by Lee et al. (3) are briefly summarized in the following.
A total of six full-scale test specimens were designed with the panel zone strength as the key test variable (see Table 1 ). Typical geometry and seismic moment profile for the design of the radius-cut RBS are shown in Fig.   1 . The grade of steel for the beams was SS400 with a specified minimum yield strength of 235 Mpa (34 ksi); SM490 steel was used for the columns and the specified minimum yield strength was 324 Mpa (47 ksi). The RBS design followed the recommendations by Iwankiw and Engelhardt et al. (4, 5) The strain hardened plastic moment at the RBS hinge was calculated using the expected yield 
The corresponding seismic moment at the face of the column is
In this study, the trimmed flanges were sized to limit the moment at the column face to about 90 percent of   . The panel zones were then designed for    at the RBS hinge by using either of the following two equations for the panel zone design shear strength:
where (3) was used for the panel zone strength, a doubler plate of 10 mm thickness was provided for specimen DB700-SW.
The doubler plates were plug-welded to the column web to prevent premature local buckling. ft-lb at -20 ) was specified for flux-cored arc welding. ℉ Weld access hole configurations followed the SAC recommendations. (8) In Table 1 , the following abbreviations were used for the specimen designation: S = strong panel zone, M = medium panel zone, and W = welded web. Fig.   2 shows the connection details for specimen DB700-SW.
The specimens were mounted to a strong floor and a strong wall. Lateral restraint was provided at a distance of 2500 mm from the column face. The specimens were tested statically according to the SAC standard loading protocol. (9) Both strong and medium panel zone specimens developed satisfactory levels of ductility (4% drift) required of special moment frames. Significant yielding of <Figure 2> Specimen DB700-SW moment connection details.
(a) DB700-MW at 5% story drift (b) DB700-SW at 6% story drift <Figure 3> Comparison of connection regions.
152 the panel zone in specimen DB700-MW was evident from the flaking of the whitewash (Fig. 3a) . Specimen DB700-SW exhibited excellent rotation capacity, but with experiencing significant beam buckling (Fig. 3b) . can be computed as follows:
where   = plastic moment at the RBS based on the measured yield strength,   = column height. Refer to , Tsai and Chen (12) , Yu et al. (13) , Chi and Uang (1) , and Jones et al. (2) were included. The test data comprised both bare steel and composite specimens with various column and beam sizes; all specimens were able to develop satisfactory connection rotation capacity for special moment-resisting frames. The panel zone strength ranges from very weak to very strong. Several observations from the augmented test data are summarized in the following.
Energy Dissipation and Plastic Rotation by the Panel Zone
Specimens with a weaker panel zone consistently dissipated more energy through the panel zone yielding.
Up to 4% story drift cycle, Specimens specimens with average) and energy dissipation (often more than twice) than their bare steel counterparts.
Behavior of Specimens with Very Strong or Very Weak Panel Zones
Two strong panel zone specimens (4B and 4C, Although weak panel zone design has been studied and available test data showed stable cyclic response (15, 16) , this design approach is not favored for the welded moment connection design for the following concerns.
First, kinking of the column flanges not only produces complex triaxial stress conditions but also increases the potential for fracture in the beam flange welds. (17) Second, weak panel zone design would result in a lower system overstrength of the structure; system overstrength plays an important role for the survival of a structure during a major earthquake. (18) Based on the observations presented above, a balanced panel zone strength ratio was proposed by Lee et al. (3) such that problems associated with the use of either a strong or a weak panel zone can be avoided. Test results
showed that a properly designed panel zone can easily develop a plastic rotation of about 0.01 radian, without distressing the beam flange groove welds, with reduced beam buckling when      is in the following range:
The balanced panel zone design proposed will also lead to the reduction of expensive doubler plates (and thus the reduction of cracking-prone k area welding), especially for two-sided moment connections with massive beams.
Supplemental Numerical Studies

Finite Element Modeling and Verification
To gain further insight into the effects of the panel zone strength on the cyclic behavior of the RBS connection, nonlinear finite element analysis was conducted. Four specimens (DB700-MW, DB700-SW, DB600-MW1, DB600-SW1) tested by Lee et al. (3) were modeled and analyzed by using the general purpose finite element analysis program ABAQUS. chinger effect, cyclic strain-hardening, and the strength degradation due to local and lateral torsional buckling were well simulated. The predicted deformation configuration near the connection was also reasonably comparable to that of the test (Fig. 6) .
Comparisons of other response parameters are summarized in Table 2 . The analytically predicted plastic rotations correlated well with the experimental results. Local and lateral torsional buckling amplitudes were also well simulated by the analysis in the strong panel zone models (DB700-SW and DB600-SW1). However the prediction accuracy tended to degrade in the case of the buckling amplitude of the medium panel zone models (DB700-MW and DB600-MW1). This inconsistency might be due to the difference in the degree of lateral restraint between the analysis model and the test condition; a gap of 5~10 mm between the beam flange and the lateral support was needed to set up the specimen in the test, but no gap was assumed in the analysis. Total energy dissipation in the connection was also well compared.
Relative energy dissipation between the beam and the panel zone was reasonably predicted. Overall, the finite element analysis model of this study can simulate the cyclic behavior of the RBS connection with reasonable accuracy.
Numerical Analysis of PZ Strength Effects
Based on the satisfactory correlation study presented above, parametric finite element analyses were conducted. By changing the panel zone strength of specimens DB700-MW and DB600-SW2, a total of 6 finite element models with strong, balanced, and weak panel zone were prepared and analyzed. The numerical analysis results of DB700 and DB600 series are summarized in Table 3 and Table 4 Response parameters
Weak PZ of this study also imply that calibrated and quality finite element analysis can supplement or replace, at least in part, the costly full-scale cyclic testing of steel moment connections.
Conclusions
Effects of the panel zone strength on cyclic performance of the RBS connection were investigated based on the experimental and numerical results. The following conclusions can be made. <Figure 9> Column flange yielding in the weak panel zone model (DB700-W).
